Glial cells are major components of the nervous system. The roles of these cells are not fully understood, however. We have now identified a secreted protein, designated Meteorin, that is expressed in undifferentiated neural progenitors and in the astrocyte lineage, including radial glia. Meteorin selectively promoted astrocyte formation from mouse cerebrocortical neurospheres in differentiation culture, whereas it induced cerebellar astrocytes to become radial glia. Meteorin also induced axonal extension in small and intermediate neurons of sensory ganglia by activating nearby satellite glia. These observations suggest that Meteorin plays important roles in both glial cell differentiation and axonal network formation during neurogenesis.
Introduction
Formation of the vertebrate nervous system is a complex process that involves multiple steps. One important step is cell diversification, the generation of neurons and glia, from a homogeneous sheet of neural progenitors. Two distinct mechanisms are responsible for this cell diversification: cellintrinsic mechanisms are reflected by the fact that stem cells isolated from the mouse embryonic cerebral cortex produce different cell types in a predefined order, neuroblasts before glioblasts, that resembles the order apparent in situ (Qian et al, 2000) . In contrast, non-cell-autonomous mechanisms require environmental cues. For example, grafts of adult hippocampus-derived progenitors differentiate into neuronal types appropriate for their ectopic location (Suhonen et al, 1996; Takahashi et al, 1998) . Various factors that contribute to such environmental cues have been identified and shown to influence differentially the generation of the three major cell types of the central nervous system (CNS): neurons, oligodendrocytes, and astrocytes (Johe et al, 1996) . Cytokines such as the leukemia inhibitory factor (LIF) and ciliary neurotrophic factor (CNTF) are important cues for astrocyte generation. These proteins promote astrocyte differentiation by binding to their receptors, including LIF-R and gp130, and thereby activating the JAK-STAT signaling pathway (Richards et al, 1996; Bonni et al, 1997) . The Notch signaling pathway also contributes to astrocyte generation. Activated Notch1 and Notch3 promote astrocyte differentiation from adult hippocampus-derived progenitors without affecting STAT3 phosphorylation (Tanigaki et al, 2001) . Bone morphogenetic protein 2 also both acts synergistically with LIF to induce astrocyte generation by triggering the formation of a complex of Smads and STAT3 bridged by p300 (Nakashima et al, 1999) as well as engages in crosstalk with Notch signaling by inducing the expression of the Notch effector Hes-5 .
Radial glia emerge at the peak of neurogenesis and have been thought to belong to the astrocyte lineage because of their similarity to astrocytes in terms of organellar structure and expression of molecular markers, as well as their ability to generate astrocytes (Campbell and Gotz, 2002) . These cells are also able to generate neurons, however, and act as bipotential progenitors that produce both neurons and glia in a spatiotemporally regulated manner (Malatesta et al, 2000; Hartfuss et al, 2001) , rendering their identity ambiguous. Several environmental cues have been shown to influence the formation of radial glia. Activated Notch, for example, promotes the generation of these cells in vivo (Gaiano et al, 2000) . In the developing cerebellum, granule cell-derived Neuregulin and Purkinje cellderived Sonic hedgehog (Shh) also influence radial glial differentiation (Rio et al, 1997; Dahmane and Ruiz-i-Altaba, 1999) .
Neuronal connections are established through communication between developing neural cells. During this process, neurons extend axons to their targets, adjust their numbers, and refine their terminal branches and synapses. The timing of these events is determined in part by environmental cues, one important source of which is glial cells. Schwann cells and their precursors play an important role in the development of peripheral nerves (Jessen and Mirsky, 1999) . These cells produce neurotrophic factors, including members of the neurotrophin and glial cell line-derived neurotrophic factor (GDNF) families (Airaksinen and Saarma, 2002) , as well as adhesion molecules. The precise roles of glial cells in the establishment of neural connections remain largely unknown, however.
We have now identified a novel secreted protein (Meteorin) that is expressed in undifferentiated neural progenitors and in the astrocyte lineage including radial glia. In culture, this factor acts on cells of the glial lineage to influence their differentiation. Our data suggest that Meteorin regulates glial cell differentiation and the formation of axonal networks.
Results

Identification of meteorin as a novel secreted protein
Cells of the mouse P19 pluripotent embryonal carcinoma line differentiate into neural cells, including neurons and astrocytes, on exposure to all-trans retinoic acid (RA). Using an RNA subtraction procedure, we isolated several cDNA clones corresponding to genes whose expression was induced after incubation of these cells with 1 mM RA for 2 days. One such clone was analyzed in the present study. In situ hybridization analysis confirmed that the gene corresponding to this clone, which we have designated Meteorin (named after meteor, because this gene product can transform glial cells into cells with an elongated trail), is not expressed in undifferentiated P19 cells but is expressed at a high level after treatment of the cells with RA ( Figure 1B ).
Mouse Meteorin mRNA contains an open reading frame that encodes a protein of 290 amino acids ( Figure 1A ). The encoded amino-acid sequence showed no significant homology to the sequence of any previously described protein, suggesting that Meteorin is a novel protein. The predicted protein contains a putative signal peptide in its NH 2 -terminal region, but otherwise possesses no conserved motifs. The cDNA for a human ortholog of mouse Meteorin encodes a protein of 293 amino acids ( Figure 1A) . A total of 238 amino acids (82%) are identical in the mouse and human proteins, and all cysteine residues are conserved. According to the NCBI database, Meteorin is located on mouse chromosome 17 (A3.3) and human chromosome 16 (p13.3), and there was no corresponding human diseases reported on this locus.
The presence of a putative signal peptide in the NH 2 -terminal region of the predicted protein suggested that Meteorin is secreted. To examine the subcellular localization of Meteorin, we established stable CHO cell lines that express the protein tagged with the hexahistidine (His 6 ) epitope at its COOH-terminus. We also prepared rabbit polyclonal antibodies to synthetic peptides based on the amino-acid sequence of Meteorin. Immunoblot analysis with these antibodies detected the Meteorin-His 6 fusion protein in both the lysate and culture supernatant of the CHO cells expressing it ( Figure 1C ), indicating that Meteorin indeed encodes a secreted protein. The immunoreactive protein migrated at a position corresponding to a molecular size of B30 kDa, as did the fusion protein purified from the culture medium conditioned by these cells ( Figure 1D ).
Meteorin is expressed in neural progenitors and the glial cell lineage
The expression pattern of Meteorin was first examined by Northern blot analysis. Meteorin mRNA was most abundant in the brain, but was also detected in smaller amounts in other organs ( Figure 1E ). We examined Meteorin expression during mouse development by in situ hybridization. Meteorin transcripts appeared largely restricted to the central and peripheral nervous systems. They were prominent during neurogenesis in regions of the CNS that contain neural progenitors (progenitor cells able to generate neurons, astrocytes, and oligodendrocytes). In the developing retina, for example, Meteorin expression was detected in all cell layers at embryonic day (E) 10.5 ( Figure 2A ) but was restricted to the external layer, where the retinal progenitor cells are located, at E14.5 ( Figure 2B and C); the inner layer, which contains postmitotic neurons, was devoid of Meteorin transcripts at this later time. In the spinal cord, Meteorin expression was apparent in all layers at E9.5 ( Figure 2D ), but became limited to the ventricular zone (being lost from the mantle layer, the location of newly generated neurons) just 1 day later ( Figure 2E ). In the PNS, Meterorin expression was detected in migrating neural crest ( Figure 2F ). Meteorin expression became restricted to glial cells as neural tissues developed. In the developing dorsal root ganglion (DRG), the pattern of Meteorin expression was similar to that of the gene for protein zero, a glial cell marker ( Figure  2G -J). Meteorin mRNA was thus detected in nerve roots, the site of Schwann cell progenitors, but not in ganglia, at E11.5 ( Figure 2G and H). Meteorin expression was detected in the newly emergent satellite glial cells in ganglia at E12.5 ( Figure  2I and J) and was maintained in Schwann cells, but was not apparent in neurons, at postnatal day (P) 2 (Supplementary Figure 3M-O) . In the postnatal telencephalon, Meteorin transcripts were detected in the subventricular zone of the lateral ventricle and in the corpus callosum ( Figure 2K and L), both of which contain glial progenitors (progenitor cells able to generate both astrocytes and oligodendrocytes) as well as astrocyte precursors.
Meteorin expression was also detected in radial glia. In the cerebellum, Meteorin mRNA appeared first in the ventricular zone at E14.5. At P8, the time of granule cell migration, Meteorin expression was apparent in the Purkinje cell layer; it was restricted to the region between Purkinje cell bodies, where Bergmann glia are located ( Figure 2M ). This pattern of expression was similar to that of GLAST ( Figure 2N ), a radial glial marker, suggesting that Bergmann glia express Meteorin. Radial glia are also present in the ventricular zone of the spinal cord during neurogenesis; at E12.5, the expression of both Meteorin and GLAST was detected in these cells ( Figure  2O and P). After neurogenesis is completed, these radial glia transform into astrocytes and migrate into the mantle layer. Again, Meteorin and GLAST expression overlapped in these cells at E14.5 ( Figure 2Q and R). In the postnatal retina, Meteorin expression was detected in Muller glia, which are positive for GLAST . Together, these observations suggest that Meteorin is expressed in neural progenitors as well as in the glial cell lineage, including radial glia. 
Meteorin promotes axon extension and alters satellite glial morphology in sensory ganglia
Given that Meteorin is a secreted protein and is expressed in neural progenitors and glia, we investigated whether it might act on neighboring neurons. We first examined whether Meteorin possesses neuritogenic activity with sensory ganglia. Meteorin indeed stimulated neurite outgrowth in cultured DRG explants. Whereas the explants did not give rise to 2H3-immunopositive neurites (axons) in the absence of Meteorin, many such neurites were generated in its presence ( Figure 3A and B). Dose-response analysis of this activity revealed an EC 50 of B20 ng/ml ( Figure 3I ). Meteorin manifested similar neuritogenic activity with trigeminal sensory ganglia (data not shown).
We next examined whether Meteorin cooperates with other neuritogenic factors such as nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), and neurotrophin-3 (NT3). The combination of Meteorin and NT3 resulted in the generation of neurites from DRG explants that were denser than those observed with NT3 alone ( (N ¼ 22) ). These neurons were also selectively stained with antibodies to calcitonin gene-related peptide (CGRP) or to Ret, but not with those to parvalbumin, indicating that they were small or intermediate neurons ( Figure 4I-K) . When DRG cells were cultured at a low density, however, Meteorin failed to show such neuritogenic activity. Most neurons thus remained flat and fibroblast-like in appearance even in the presence of Meteorin ( Figure 4L and M) (process length: 118.3713.8 mm (N ¼ 22) without Meteorin; 122.876.1 mm (N ¼ 25) with Meteorin). In contrast, in the presence of NGF, most 2H3-positive neurons exhibited a large soma and extended long neurites ( Figure 4N ) (419.0740.5 mm (N ¼ 24)). Unlike NGF, Meteorin by itself was thus unable to stimulate neurons directly. These observations therefore suggested either that Meteorin promotes neurite extension indirectly by stimulating non-neuronal cells such as satellite glia, or that it acts on neurons in combination with another factor released from non-neuronal cells.
We next examined the effects of Meteorin on the nonneuronal cells of ganglia. These non-neuronal cells were positive for SOX10 and brain fatty acid-binding protein (BFABP), suggesting that they were satellite glia ( Figure 4E -H). In the absence of Meteorin, these cells exhibited a flat, polygonal morphology ( Figure 4C , E, F, and L). In the presence of Meteorin, however, they adopted a bipolar morphology ( Figure 4D , G, H, and M). In contrast to its neuritogenic activity, this effect of Meteorin on satellite glia was independent of cell density (process length in the highdensity culture: 66.079.5 mm (N ¼ 26) without Meteorin; 130.6718.6 mm (N ¼ 27) with Meteorin) (process length in the low-density culture: 68.7711.3 mm (N ¼ 27) without Meteorin; 132.579.9 mm (N ¼ 21) with Meteorin). Treatment of the satellite glia with Meteorin induced phosphorylation of intracellular ERK1/2 ( Figure 4Q ). These data thus indicate that Meteorin acts directly on satellite glial cells and induces a change in their morphology, and that neurite extension is secondarily induced by the transformed satellite glial cells.
To examine the nature of this secondary signal, satellite glial cells were cultured with or without Meteorin. Conditioned medium (CM) prepared from each culture was tested for its neuritogenic activity with DRG neurons. The latter CM failed to show the neuritogenic activity even if Meteorin was supplemented later ( Figure 4O ) (process length: 120.5710.2 mm (N ¼ 24) ). In contrast, the former CM induced long neurites ( Figure 4P ) (375.6729.8 mm The satellite glia (B90% pure) and neurons (490% pure) were purified from the mouse DRG at E14.5 by sequential plating on tissue grade dishes. Satellite glia-enriched cells were conditioned for 48 h in D/F12-N2 without (O) or with (P) Meteorin (80 ng/ml). CM was prepared from each culture. Fresh Meteorin (80 ng/ml) was then added to the former CM. DRG neurons were cultured with each CM for 48 h and were stained with the 2H3 antibody. With the CM in which Meteorin was supplemented later, neurons remained flat and fibroblast-like in appearance (O). In contrast, with the CM prepared from Meteorin-treated satellite glia (P), neurons had large soma and elongated axons. Scale bar, 100 mm. (Q) Satellite glia-enriched cells were treated for 20 min with or without Meteorin. Cell lysates were prepared and were subjected to immunoblot analysis with antibodies to phosphorylated ERK1/2 (P-Erk1/2) or ERK1/2. Meteorin activated phosphorylation of ERK1/2 in satellite glia. (R) Total RNA prepared from DRG cells that had been cultured with or without Meteorin was subjected to RT-PCR analysis with primers specific for NGF, BDNF, or G3PDH (internal control) cDNAs. (N ¼ 22) ). These observations further support that Meteorin acts on satellite glia to produce the secondary factor, which is most likely a secreted protein.
Given that Meteorin selectively stimulates small and intermediate neurons and that this effect is dependent on satellite glia, we next examined whether Meteorin upregulates the expression of NGF or BDNF genes in satellite glia. However, Meteorin did not increase the expression level of these genes in satellite glia ( Figure 4R ), indicating that the secondary signal produced by these cells is not one of these neurotrophins.
Meteorin transforms cerebellar astrocytes into radial glia
Given that the principal target of Meteorin appears to be glial cells and that Meteorin is expressed widely in developing neural tissues, we next examined whether Meteorin affects other types of glial cells. Culture of P2 mouse cerebellar explants in the absence of Meteorin resulted in the emergence of only a few glial fibrillary acidic protein (GFAP)-positive astrocytes with short processes from the explants ( Figure 5A ). The addition of Meteorin to the explants, however, induced the emergence of many GFAP-positive cells that exhibited a bipolar morphology and long processes ( Figure 5B ) (process length 233.2717.2 mm (N ¼ 14)), and which were positive for RC2 ( Figure 5D ), a marker of radial glia, suggesting that Meteorin triggered the transformation of cerebellar astrocytes into radial glia.
To confirm that this transformation represented a direct effect of Meteorin on astrocytes, we isolated astrocytes from the cerebellum of mice at P2-P4 and cultured them in the absence or presence of Meteorin. In the absence of Meteorin, most GFAP þ astrocytes remained fibroblast-like in appearance ( Figure 5G ) (process length: 38.675.4 mm (N ¼ 26) ). In the presence of Meteorin, however, many GFAP þ astrocytes adopted an elongated bipolar morphology ( Figure 5H ) (process length: 254.3734.0 mm (N ¼ 23) ). In addition, the expression of brain lipid-binding protein (BLBP), another marker for radial glia, was upregulated in the Meteorintreated cells ( Figure 5I and J These data thus suggest that Meteorin induces the conversion of astrocytes to radial glia. Given that radial glia guide the migration of cerebellar granule cells, we examined the migration of and axonal extension by granule cells in cerebellar explant cultures. Meteorin did not affect neuronal migration or axonal extension. Granule cells with 2H3-positive axons and small cell bodies emerged in a similar manner from explants cultured in the absence or presence of Meteorin ( Figure 5E and F) (the length of axon: 342.8739.5 mm (N ¼ 12) without Meteorin; 322.8725.5 mm (N ¼ 11) with Meteorin).
Meteorin promotes astrocyte differentiation
We next examined the effects of Meteorin on the differentiation of neural progenitors. Neurospheres were prepared from the cerebral cortex at E11.5. Almost all cells of neurospheres maintained in the presence of fibroblast growth factor 2 (FGF2) and epidermal growth factor (EGF) were positive for Nestin and were thus neural, neuronal, or glial progenitors (data not shown). Withdrawal of these mitogens resulted in the appearance of neurons, astrocytes, and oligodendrocytes in the cultures. The addition of Meteorin after mitogen withdrawal induced a marked increase in the number of GFAP þ astrocytes ( Figure 6A and B) . This effect was specific to astrocytes and similar to that of LIF ( Figure 6G ). Meteorin thus did not increase the number of neurons positive for microtubule-associated protein 2 (MAP2) or of oligodendrocytes positive for the O4 antigen ( Figure 6C-F) . This effect was not due to an increase in cell proliferation (BrdU þ population without Meteorin 37.875.8% (N ¼ 17) ; with Meteorin 39.073.1% (N ¼ 19) ).
This increase in the number of astrocytes might have been due either to an instructive effect of Meteorin on neural progenitors and glial progenitors, or proliferation-promoting effect on cells that had already committed to the astrocyte lineage such as astrocyte precursor cells (APCs) and astrocytes. To distinguish between these two possibilities, we allowed neurospheres to first form in the presence of FGF, 
Discussion
Action of Meteorin on the glial cell lineage
The three major cell types of the CNS-neurons, astrocytes, and oligodendrocytes-are generated sequentially from neural progenitors in a spatially and temporally restricted manner.
Neurons are the first of these three cell types to be generated, arising from neuronal progenitors early in development. Both astrocytes and oligodendrocytes are generated later from glial progenitors (Qian et al, 2000) . Our observations now indicate that Meteorin is likely expressed in neural progenitors, glial progenitors, and cells of the astrocyte lineage ( Figure 7A ). For example, in the developing mouse spinal cord, the pattern of migration of Meteorin-expressing cells from the ventricular zone resembles that of GLAST-expressing cells and apparently differs from that of Olig2-expressing oligodendrocyte precursor cells (OPCs) and oligodendrocytes (Supplementary Figure 1) (Zhou et al, 2000) . In the developing ganglionic eminences, PDGFRa-or Olig2-expressing cells that are located far from the ventricular zone do not express Meteorin ( Supplementary Figure 2A-H) . In the prospective amygdala (Nery et al, 2001) , plp-expressing cells are negative for Meteorin expression (Supplementary Figure 2I and J). These observations suggest that, although glial progenitors express Meteorin, they lose Meteorin expression after commitment to the oligodendrocyte lineage. In the astrocyte lineage, Meteorin expression appears to be restricted to relatively immature cell populations. Meteorin expression is gradually lost in GLAST-expressing astrocytes located in the postnatal cerebral parenchyma ( Figure 2K and L), and is not detected in two major types of astrocytes in the adult cerebrum, fibrous astrocytes and protoplasmic astrocytes (Miller and Raff, 1984) (Supplementary Figure 3G) . In the developing cerebellum, Meteorin is expressed in the VZ and GLAST-positive migrating glial precursors. Among three subclasses of astrocytes in the adult cerebellar cortex, bushy protoplasmic astrocytes, smooth protoplasmic astrocytes, and Bergmann glia (Palay and Chan-Palay, 1974) , Meteorin expression is restricted to Bergmann glia ( Figure 2M and N) (Supplementary Figure 3H and I) . Expression of Meteorin in Bergmann glia may be regulated by neurons that interact with Bergmann glia. For instance, dendritic spines of Purkinje cells were completely enwrapped by Bergmann glial cells (Spacek, 1985) . Recently, modified AMPA receptors on Bergmann glia were shown to affect glial ensheathing of the dendrite spines, and synaptic trasmission of these synapses (Iino et al, 2001 ). In addition to Purkinje cells, Bergmann glial cells are known to interact mutually with migrating granule cells (Hatten, 1999) . Furthermore, several neuron-derived factors, such as granule cell-derived Neuregulin or Purkinje cellderived Sonic hedgehog (Rio et al, 1997; Dahmane and Ruiz-i-Altaba, 1999) , are known to transform astrocytes into radial glia.
What is the function of Meteorin in neural development? Our data obtained from several culture systems suggest that Meteorin acts on cells from which it is secreted in an autocrine manner and changes their state of differentiation. Various factors, including the cytokines LIF and CNTF, are known to promote astrogenesis. The binding of these cytokines to their receptors results in activation of the JAK-STAT signaling pathway (Johe et al, 1996; Bonni et al, 1997; Nakashima et al, 1999) . The Notch-Delta signaling system also contributes to astrocyte generation (Tanigaki et al, 2001) . Both these groups of factors promote astrogenesis instructively. In the neurosphere differentiation assay, Meteorin promoted astrocyte differentiation in a selective manner, with the emergence of MAP2 þ neurons and O4 þ immature oligodendrocytes being unaffected. Furthermore, stimulation of astrocyte differentiation by Meteorin, in contrast to the action of LIF, was not detected in the presence of FGF2. These observations indicate that, unlike instructive factors such as LIF and CNTF, Meteorin promotes astrogenesis by acting on cells that have already committed to the astrocyte lineage.
Given that Meteorin is expressed only at a low level in mature astrocytes, the principal target of Meteorin may be APCs. Although Meteorin may play a role in astrocyte differentiation, Meteorin is already expressed in neural progenitors during active neurogenesis. Precocious astrogenesis is suppressed during this early period of neurogenesis by at least two distinct mechanisms. One such mechanism is the expression of neurogenic basic helix-loop-helix (bHLH) transcription factors such as neurogenin1 and -2 and Mash1 (Nieto et al, 2001; Sun et al, 2001) . These transcription factors either competitively bind CBP/p300 and prevent its association with STAT3 or prevent cytokine-mediated STAT3 phosphorylation. Activation of the GFAP promoter by the canonical Notch signaling pathway is also suppressed at this time (Ge et al, 2002) . The second mechanism for suppression of precocious astrogenesis is methylation of glia-specific genes . Thus, despite its expression in neural progenitors, the promotion of astrogenesis by Meteorin might be prevented by these mechanisms.
Meteorin expression during neurogenesis may reflect another function of the encoded protein such as maintenance of the undifferentiated state. Such dual functions have been described for Notch signaling. Notch signaling thus promotes the generation of astrocytes at the gliogenic stage, but it maintains the proliferation of neural progenitors and inhibits neuronal differentiation at earlier (neurogenic) times. Activated Notch also promotes radial glial identity (Gaiano et al, 2000) . Radial glia have recently been shown to be neural progenitors that are able to generate neurons (Malatesta et al, 2000; Alvarez-Buylla et al, 2001; Hartfuss et al, 2001 ). Like Notch, Meteorin is expressed in the early neuroepithelium and in radial glial cells, as well as acts on purified cerebellar astrocytes to promote radial glial formation. The expression pattern and biological activity of Meteorin are consistent with the idea that Meteorin produced by the radial glia act in an autocrine manner to maintain these progenitor cells.
Meteorin promotes axonal extension in the presence of glia
Meteorin induces axonal outgrowth of sensory neurons. Our data suggest that the satellite glia are the primary target of Meteorin action and axonal extension is a secondary effect of such glial stimulation. According to our model ( Figure 7B) , the concentration of endogenous Meteorin is too low to activate the satellite glia in culture. These cells are activated, however, by exogenous Meteorin and generate a secondary signal. This secondary signal is unable to stimulate neurons at low cell density, probably because it fails to achieve a sufficient concentration. It is able to induce axonal elongation at high cell density, however.
What might this secondary signal be? In both DRG explant and dissociated cell cultures, Meteorin appeared to specifically affect CGRP-positive small and Ret-positive intermediate neurons. Neurotrophins such as NGF and BDNF are therefore potential candidates for the signal. However, the abundance of the mRNAs for NGF or BDNF was not affected by exogenous Meteorin in DRG cell cultures, making this possibility unlikely. Alternatively, the secondary signal may be a secreted protein that (1) elicits axonal extension by itself, (2) acts synergistically with Meteorin, or (3) increases the responsiveness of neurons to NGF or BDNF.
Why does Meteorin activate neurons indirectly through surrounding glia instead of directly? One advantage might be the adaptation of axonal extension to the surrounding environment. Neurons must know the timing and destinations of axonal extension from their surroundings. Schwann cells and their precursors serve as an important source of signals required for nerve development (Jessen and Mirsky, 1999) . The indirect action of Meteorin that links glial stimulation and axonal extension might thus provide important information for neurons on their surroundings.
Another advantage is that by acting through glia more diversity in signaling is achievable than acting on neurons directly. Diversity can be generated by changing the level and timing of stimulation. For example, isoforms of transforming growth factor-b, like Meteorin, have no neurotrophic activity alone on purified neurons, but do exhibit such activity in mixed culture systems. They act on neurons in an autocrineparacrine manner and synergize with other factors such as CNTF, neurotrophins, and GDNF (Krieglstein and Unsicker, 1996; Krieglstein et al, 1998) . Diversity might also be generated by the spatial distribution of glial cells. The same signal may thus induce different biological effects in neurons depending on which part of the cell receives the signal (Heerssen and Segal, 2002) . For example, in developing retinal ganglion cells, BDNF reduces arborization when applied to dendritic terminals, but increases it when applied to axon terminals (Lom and Cohen-Cory, 1999) . Activation by Meteorin of satellite glia in contact with neuronal cell bodies and of Schwann cells in contact with axons might thus elicit different biological effects within individual neurons.
Several factors act in various combinations to elicit different effects on neurons. For example, hepatocyte growth factor promotes axonal extension in combination with NGF, but not in combination with BDNF or NT3 (Maina et al, 1997) . Transforming growth factor-b3 promotes the survival of DRG neurons in combination with NT3, but not with NGF (Krieglstein and Unsicker, 1996) . Further diversity in the effects of Meteorin may thus also be generated by its acting in concert with other factors.
Materials and methods
Isolation of Meteorin cDNA libraries were constructed from P19 cells that had been cultured for 2 days in the absence or presence of 1 mM RA. Several cDNA clones corresponding to genes whose expression was increased by RA treatment were isolated by a sensitive subtraction procedure (Saijoh et al, 1996) . One of these clones was derived from Meteorin. A full-length Meteorin cDNA was obtained by 5 0 RACE with an E11 mouse Marathon Ready cDNA library (Clontech).
Purification of Meteorin
For the preparation of polyclonal antibodies to Meteorin, rabbits were injected with one of two chemically synthesized oligopeptides, Meteorin-Npep (SWRGSGLTQEPGS) and Meteorin-Cpep (PLFKEGS-SEGQGRAS). Antibodies were affinity-purified on an antigen column and used for immunoblot analysis. An expression vector (pEF-BOS-Meteorin-His-IRES-Puro) that encodes COOH-terminally His 6 -tagged mouse Meteorin (Meteorin-His 6 ) was constructed and introduced by transfection into CHO-K1 cells (RIKEN cell bank). The stable clone (clone 78) that expressed Meteorin at the highest level was cultured for 3 days in OPTI-MEM (Gibco), after which the recombinant Meteorin-His 6 protein was purified from the CM with Talon metal affinity resin (Clontech). The purified protein was desalted and concentrated with a centrifugal filter device (Millipore), supplemented with BSA(1 mg/ml), and stored at À801C until use.
Cell culture
For DRG explant culture, E12.5-14.5 mouse DRGs were embedded in a collagen gel, and incubated for 24 h in D/F-N2 (DMEM-F12 (1:1) plus N2 supplement (Gibco)) with or without purified Meteorin-His 6 , mouse NGF (Becton Dickinson), human BDNF (Peprotech), or human NT3 (Peprotech). The density of axons was quantified as a pixel density, which was estimated from the digitalized pictures by using NIH-Image J program. For dissociation culture, DRG cells were incubated for 48 h in D/F-N2 at a density of 1 Â10 5 cells per well (high cell density) or 5 Â10 3 cells per well (low cell density) in a p-ornithine/laminin-coated 48-well plate. For cerebellar explant culture, pieces of the external granule cell layer from P2-4 mouse cerebellum were incubated for 48 h in D/F-N2 with or without Meteorin-His 6 . Astrocytes were isolated from the cerebellum by density gradient centrifugation with Percoll and sequential plating as described previously (Hatten, 1985) . For the neurosphere assay, E11.5 mouse cortex was dissociated and cultured in DMEM-F12 supplemented with human EGF (20 ng/ml) (Roche), human FGF2 (20 ng/ml) (Roche), 0.6% glucose, 2 mM glutamine, 3 mM NaHCO 3 , 5 mM HEPES, insulin (25 mg/ml), transferrin (100 mg/ml), 20 nM progesterone, 60 mM putrescine, and 30 mM selenium chloride (Sigma). Neurosphere differentiation was induced in medium without EGF and FGF2 in the wells of a p-ornithine-coated 48-well plate. Meteorin-His 6 or mouse LIF (AMRAD) was included in the medium during sphere formation (for 72 h) or during differentiation (for 60 h).
In situ hybridization, Northern blot, and RT-PCR analyses
Nonradioactive in situ hybridization was performed as previously described (Nishino et al, 1999) . Probes included those specific for mouse Meteorin, rat Protein zero (kindly provided by M Wegner; Peirano et al, 2000)), mouse GLAST (kindly provided by M Watanabe; Shibata et al, 1997) , mouse Olig2, mouse PDGFRa, and mouse Plp (kindly provided by H Takebayashi and K Ikenaka) mRNAs. For Northern blot analysis, poly(A) RNA was prepared from adult mouse organs and was probed consecutively with 32 P-labeled fragments of Meteorin and glyceraldehyde-3-phosphate dehydrogenase (G3PDH) cDNAs. RT-PCR analysis was performed
